We investigated the role of the main olfactory and accessory olfactory systems (MOS and AOS respectively) in the detection of androstenone. We used the following experimental approaches: behavioral, surgical removal of the vomeronasal organ (VNX) followed by histochemical verification and Fos immunohistochemistry. Using a Y-maze paradigm we estimated sensitivity of NZB/B1NJ and CBA/J mice to androstenone. CBA mice were 2,000-fold more sensitive to androstenone than NZB mice.
Androstenone (5α-androst-16-en-3-one) is a volatile steroid of gonadal origin that is abundant in the saliva of male pigs and is well known as a boar sex pheromone. When detected by receptive sows it facilitates the lordosis response (Reed et al., 1974) . Androstenone is also found in pork products, celery and truffles and human secretions and excretions contain androstenone (Brooksbank et al., 1974; Bird and Gower, 1983; Claus and Asling, 1976) . There are a number of reports suggesting that androstenone or related steroid odorants may affect human behavior, act as a sexual attractant or have specific effects on emotions (Cowley et al., 1977; Kirk-Smith et al., 1978; Benton, 1982; Van Toler et al., 1983; Filsinger et al., 1984 Filsinger et al., , 1985 . However, results of these studies remain controversial at best (Wysocki and Preti, 2009 1 ). In addition, androstenone has been suggested as a possible facilitator of aggression during and after European football matches (Pause, 2004) . This raises the possibility that androstenone may be a chemosensory signal across species. In mice, Ingersoll and Launay (1986) found that inter-male aggression may be induced by androstenone, depending on stimulus presentation. This steroid has no aggression-promoting properties when mixed in water, but when mixed with the urine of castrated males or presented in close proximity to urine, the steroid induces agonistic behavior in aggressor mice. Thus, urine may function as an orienting stimulus for the appropriate detection of the steroid. Alternatively, the conjoint presentation of the steroid and urine provided a qualitatively different stimulus complex than either stimulus presented alone. Although, at present, there is no other publication indicating or suggesting that androstenone is present in mouse secretions or excretions, if this compound is used by mice to provide chemosensory information, then these findings may question the species specificity of androstenone as a pheromone. This lack of species specificity in pheromonal communication may be more common than originally proposed by Karlson and Lüscher (1959) . For example, Asian elephants Elephas maximus and scores of moths use (Z)-7-dodecen-1-yl acetate as a sex-attractant pheromone (reviewed by Wyatt, 2003) . The mammalian olfactory system is subdivided into the main and accessory olfactory systems. Evolutionarily, the accessory olfactory (vomeronasal) system appears to be more specialized and often, but not always (see Baxi et al., 2006) , is involved in the detection of pheromones and pheromone-like substances, although pheromones can be processed by both systems. Furthermore, there is evidence demonstrating that volatile, non-pheromonal compounds activate the vomeronasal neuroepithelium (Sam et al., 2001 ). These findings indicate, at least in part, overlapping functions of the MOS and AOS.
The aim of our study was to investigate potential interactions between the MOS and AOS during detection of androstenone, a potential chemical signal among mice. We used two commercially available inbred strains of mice that significantly differ in sensitivity to androstenone Wang et al., 1993) . These strains of mice are CBA/J (CBA; androstenone-sensitive) and NZB/B1NJ (NZB; androstenone-insensitive). The difference in sensitivity to androstenone between these two strains is at least 2000-fold. These two strains of mice also represent a genetic model for inter-male aggression (Voznessenskaya and Wysocki, 2001) . Typically, mice engage in anogenital and/or naso-oral investigation prior to either initiating sexual advances in the presence of a female or aggression with an unfamiliar male. In NZB mice investigatory behavior did not precede the first attack when an intruder was introduced into the cage of the NZB male. Atypical for mice in general, NZB males often attacked females. This may imply that chemosensory cues and social behavior are de-linked in NZB males. Alternatively, NZB mice may have deficits in olfaction that lead to failure to discriminate sex and social rank of conspecifics. Failure to process biologically important odors may lead to elevated aggression.
Fos protein immunohistochemistry of chemosensory pathways provides a visual measure of cellular activation subsequent to odorant exposure. Many trans-synaptically activated neurons increase transcription of c-fos (the gene coding the Fos protein) and certain other genes known as immediate-early genes. Immediate-early genes are induced quickly after stimulation of the cell, before the synthesis of new proteins that might further affect the cell. These genes are the templates for proteins, such as Fos, that are involved in long-term responses to stimulation (Morgan and Curran, 1991) . Labeling Fos or c-fos mRNA provides a physiological marker of neurons activated in response to specific stimuli. Given that androstenone may modulate aggression in mice and that the NZB and CBA strains differ in patterns of aggression and sensitivity to androstenone, we hypothesized that differences exist between these strains in neural Fos activation in chemosensory pathways subsequent to exposure to androstenone.
We focused on both the MOS and AOS because the vomeronasal organ (VNO) has been implicated in inter-male aggression in mice. Surgical removal of the VNO (VNX) significantly reduces or eliminates inter-male aggression (Maruniak et al., 1986) ; however, the role for the VNO in the perception of and response to androstenone remains unclear.
Materials and Methods
Test subjects were inbred CBA/J (n = 22) and NZB/B1NJ (n = 20) male and female mice at four months of age. Earlier work demonstrated a genetic model of specific anosmia to androstenone in these two strains . Animals were kept under standard vivarium conditions. Lighting conditions were 12 L: 12 D (lights off at 07: 00 h); temperature was maintained at 20-22 ºC. Food and water were available ad libitum.
Behavioral thresholds to androstenone were determined in a Y-maze paradigm (Beauchamp et al., 1985) . Sweetened water was used as a reward and each animal was allowed to lick one drop of water (~50 µl) after each correct choice. First, mice were trained to detect the arm of the Y-maze that contained the odorant sample versus the arm that contained the diluent, i.e., filtered, light, white mineral oil (Sigma). The following odorants were used: amyl acetate, phenylethyl alcohol and Galaxolide ® (International Flavors and Fragrances, Union
Beach, NJ, USA). When a mouse reached 80% correct choices with one odorant, it was switched to another odorant. Once again when an animal reached 80% correct choices it was switched to trials wherein odorants were intermingled. When all three odorants were used, androstenone was inserted into intermingled trials. We used a decreasing binary-step dilution series with the initial concentration of 0.1% androstenone (w/v). Testing continued with decreasing concentrations of androstenone until percent correct choices fell to chance. Thresholds were determined usually across three to four sessions. Each session contained approximately 10 trials with androstenone.
VNX via an expanded nasopalatine foramen was performed as previously described (Wysocki and Wysocki, 1995) . We used soybean agglutinin-horseradish peroxidase (SBA-HRP) immunohistochemistry of the accessory olfactory bulb to verify VNX (Wysocki and Wysocki, 1995) . In mice, SBA-HRP stains the glomeruli in the accessory, but not main, olfactory bulb. Stain is absent after a successful VNX.
We exposed NZB mice to androstenone for 16 h per day to induce sensitivity to the odorant; androstenone was removed from 09: 00-17: 00 h . Odorant exposure was accomplished by attaching a plastic perforated container with a piece of cotton gauze, soaked with a solution of androstenone (0.1% in light odorless mineral oil) to the top of the cage (the mice were unable to contact the gauze directly). All exposures were performed in a climate chamber with isolated compartments having individual air flow (ASP130, Flur France).
Groups of adult CBA (n=6) and NZB (n=6) mice were exposed intermittently (50% duty cycle each minute) to 0.1% androstenone in light mineral oil or clean air (n=12) for 40 min prior to perfusion for immunostaining of the olfactory bulbs for Fos (NZB mice were not pre-sensitized). For VNO neuroepithelium immunostaining, CBA (n=4) and NZB (n=4) mice were exposed in the same fashion but for 90 min (optimal time determined by pilot study). Control CBA (n=4) and NZB (n=4) animals were exposed to clean air. For all experiments, air-flow into the animal chamber was calculated to be 1.5-2 m/sec. The rate within the chamber would have been significantly slower than this because of its increased volume relative to the source, however flow within the chamber was not measured. Immediately after exposure the mice were killed with sodium pentobarbital and perfused transcardially with 20 ml phosphate buffered saline followed by 20 ml of 3% paraformaldehyde in phosphate buffer. Olfactory bulbs or vomeronasal organs were removed. After 10 hours of submersion post-fixation and 24 hours in 10%, 24 hours in 20% and 24 hours in 30% sucrose, 20 μm frozen sections were collected on gelatin subbed slides.
Tissue was rinsed three times in 0.1 M phosphate buffered saline (buffer) with 0.5% triton-X and blocked for one hour in 1% hydrogen peroxide (to remove endogenous peroxidase activity) with normal goat serum (the species of origin of the secondary antibody) and then incubated with primary antibody directed against Fos (including 1% normal goat serum) for 24 h at room temperature, followed by three rinses in buffer. The tissue was incubated in biotinylated goat-anti-rabbit secondary antibody, rinsed three times in buffer and incubated for two hours in avidin-biotin-HRP complex (Vector laboratories). After three more rinses in buffer, the tissue was exposed to the chromogen (0.5% diaminobenzidine), which produced a brown reaction product. Fos-ir cells were recorded from a representative section from each animal using the ImageJ analysis system (http://rsbweb. nih.gov/ij/index.html).
Protocols and procedures were approved by Ethical Committee of IEE RAS.
We used STATISTICA (StatSoft, Inc., 2007, version 8.0, www.statsoft.com) for statistical analysis.
Results
Behavioral thresholds to androstenone in CBA mice determined in the Y-maze ranged from 0.00001%-0.00005%. VNX resulted in a 4-16 fold decrease in sensitivity to the compound (Wilcoxon matched pairs test, P< 0.01, n=8). After surgery CBA mice could detect androstenone at concentrations ranging from 0.0000125%-0.00016% (Fig. 1) . NZB mice, having a profound insensitivity to androstenone, were exposed to androstenone to induce sensitivity. After one week of exposure NZB mice were able to detect androstenone at 0.05% (w/v). VNX did not affect behavioral thresholds to androstenone in NZB mice: Sensitivity remained unchanged at 0.05% (Fig. 1) .
Immunohistochemistry was used as an alternative approach to assess the role of the VNO in detection of androstenone. We observed activated cells in basal and apical zones of vomeronasal receptor tissue in androstenone-sensitive CBA mice in response to exposure to androstenone. In the androstenone-insensitive NZB strain we observed activated cells only in the apical zone (Fig. 2) . The pattern of activation was variable from one animal to another.
At the level of the accessory olfactory bulb we observed patterns of activation in both strains of mice indicating the involvement of the VNO in the perception of androstenone (Fig. 3) . At the level of the main olfactory bulbs we observed a specific pattern of activation, located symmetrically in the medioventral zone in CBA mice (n=6) but not in NZB mice (n=6). In NZB mice the pattern of activation varied from animal to animal suggesting nonspecific binding. These data indicate that for mice sensitive to androstenone both the olfactory and vomeronasal systems are involved in the detection of the compound. 
Discussion
Our data confirmed our hypothesis regarding differences between CBA and NZB mice with respect to neural Fos activation in chemosensory pathways subsequent to androstenone exposure. Consistent patterns of Fos activation in response to androstenone stimulation at the level of the main olfactory bulb in highly sensitive CBA mice suggests the existence of specific olfactory androstenone receptors (e.g., Nodari et al., 2008) . For example, in humans, the gene OR7D4, a member of the olfactory receptor multigene family, has been implicated in the perception of androstenone and a related steroid androstedienone (Keller et al., 2007) . We speculate that in androstenone-insensitive NZB mice this odorant is detected subsequent to nonspecific binding to myriad olfactory receptors.
VNO neuroepithelial tissue is subdivided into two anatomically and functionally distinct subpopulations of neurons (Rodriguez et al., 2002) . Apical sensory neurons are located closer to the lumen and express V1 receptors (V1Rs). Basal neurons are located more peripherally and express V2 receptors (V2Rs). V1Rs are mainly activated by volatile compounds, V2Rs by substances of higher molecular weight and peptides (Halpern and Martinez-Marcos, 2003) . Neuroanatomical projections of V1R and V2R neurons also differ. V2R neurons project to the caudal part of the accessory olfactory bulb, which sends its projections to the vomeronasal amygdala where myriad steroid receptors are located (Halem et al., 2001) . V1R neurons send their projections to the rostral part of the accessory olfactory bulb, which in turn projects to the rostral amygdala (Rodriguez et al., 1999) . We hypothesize that a consistent pattern of activation in the basal zone of VNO neuroepithelium in CBA mice (highly sensitive to androstenone) suggests the existence of specific androstenone receptors belonging to the V2R family. This hypothesis could be tested by comparing receptor expression in these two mouse strains.
The fact that mice of both strains could detect androstenone after VNX indicates that the MOS is sufficient for detecting androstenone, though for highly sensitive CBA mice, the AOS also contributed to androstenone sensitivity. In other species androstenone could be detected solely by the main olfactory system (Dorries et al., 1997) . VNX in NZB mice revealed the involvement of the MOS in the sensitization process (see Yee and Wysocki, 2001; .
Taken together these behavioral and immunohistochemical data indicate that both the main olfactory and vomeronasal systems are capable of detecting the same chemical molecule. This raises questions about interactions between these two systems and exactly how these systems work together to mediate social behavior requires further investigation.
